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Abstract7We have investigated a potential mechanism by which a diet, similar in composition to the typical diet of most
industrialized western societies rich in saturated fat and re¢ned sugar (HFS), can in£uence brain structure and function
via regulation of neurotrophins. We show that animals that learn a spatial memory task faster have more brain-derived
neurotrophic factor (BDNF) mRNA and protein in the hippocampus. Two months on the HFS diet were su⁄cient to
reduce hippocampal level of BDNF and spatial learning performance. Consequent to the action of BDNF on synaptic
function, downstream e¡ectors for the action of BDNF on synaptic plasticity were reduced proportionally to BDNF
levels, in the hippocampus of rats maintained on the HFS diet between 2 and 24 months. In particular, animals
maintained on the HFS diet showed a decrease in levels of: (i) synapsin I mRNA and protein (total and phosphorylated),
important for neurotransmitter release; (ii) cyclic AMP-response element-binding protein (CREB) mRNA and protein
(total and phosphorylated); CREB is required for various forms of memory and is under regulatory control of BDNF;
(iii) growth-associated protein 43 mRNA, important for neurite outgrowth, neurotransmitter release, and learning and
memory. Diet-related changes were speci¢c for the hippocampus consequent to its role in memory formation, and did not
involve neurotrophin-3, another member of the neurotrophin family.

Our results indicate that a popularly consumed diet can in£uence crucial aspects of neuronal and behavioral plasticity
associated with the function of BDNF. G 2002 IBRO. Published by Elsevier Science Ltd. All rights reserved.
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It is becoming well accepted that lifestyle plays a critical
role in maintaining neural function throughout the life-
span of individuals. In particular, the diet typical of most
industrialized western societies, rich in saturated fat and
re¢ned sugar (HFS) (Block et al., 1988) can contribute to
cognitive decline in aging (Knopman et al., 2001) and
can accelerate the course of dementia in Alzheimer’s dis-
ease (Kalmijn et al., 2000, 1997). In spite of the potential
impact of dietary factors on quality of life, most of the
existing studies have been reduced to evaluate their
e¡ects on life expectancy (Taubes, 2001). It has been
assumed that the e¡ects of a HFS diet on neural function
result primarily from cardiovascular dysfunction such as
atherosclerosis (Kalmijn et al., 2000), neglecting a direct
e¡ect of diet on the brain. The possibility that a HFS
diet can a¡ect neural function would indicate that diet

can increase vulnerability to numerous neurological dis-
eases and to aging-associated de¢cits. Therefore, it is
important to determine how dietary factors can a¡ect
speci¢c aspects of neuronal health and function.

Neuronal plasticity is the critical capacity to compen-
sate for challenges, involving cellular and molecular
mechanisms of synapse formation and function, neurite
growth, and behavioral adaptation. Here we provide evi-
dence that a HFS diet can decrease neuronal plasticity
via regulation of brain-derived neurotrophic factor
(BDNF). BDNF, a crucial mediator of neuronal vitality
and function (Castre¤n et al., 1998), is emerging as a
major player in neuronal events underlying learning
and memory. For example, neural activity regulates the
synthesis, secretion and action of BDNF, and activity-
induced BDNF can facilitate synaptic e⁄cacy (Poo,
2001). The expression of BDNF is increased in the hip-
pocampus of animals that learn a spatial memory task
(Kesslak et al., 1998; Mizuno et al., 2000), and animals
with reduced expression of BDNF show de¢cits in learn-
ing and memory (Linnarsson et al., 1997).

Among the mechanisms by which BDNF a¡ects neu-
ronal plasticity, molecules such as synapsin I, growth-
associated protein 43 (GAP-43), and cyclic AMP-
response element-binding protein (CREB) can play a
central role. Synapsin I mediates BDNF modulation of
neurotransmitter release by in£uencing synaptic vesicle
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exocytosis (Jovanovic et al., 1996, 2000), promotes axo-
nal growth, and helps to maintain synaptic contacts
(Baekelandt et al., 1994; Brock and O’Callaghan, 1987;
Melloni et al., 1994). BDNF promotes synapsin I phos-
phorylation by activating tyrosine kinase B (TrkB) recep-
tors at the presynaptic terminal (Jovanovic et al., 2000).
GAP-43 is present in growing axon terminals and has
important roles in axonal growth (Baekelandt et al.,
1994), neurotransmitter release (Oestreicher et al.,
1997), and learning and memory (Routtenberg et al.,
2000). CREB, one of the best-characterized transcription
factors in the brain, is required for various forms of
memory including spatial learning (Silva et al., 1998;
Tully, 1997; Yin and Tully, 1996), and appears to play
a role in neuronal resistance to insult (Walton et al.,
1999). Its phosphorylation at the transcription regulatory
site (Finkbeiner, 2000) is under control of BDNF
(Shaywitz and Greenberg, 1999).

EXPERIMENTAL PROCEDURES

Animals and diets

The e¡ect of di¡erent periods of HFS diet was assessed in
female 2 month old Fisher 344 rats (Harlan Sprague Dawley,
Inc., San Diego, CA, USA), maintained at 22^24‡C in a 12:12 h
light^dark cycle. We used female rats because they do not
develop hypertension during the ¢rst year on a HFS diet
(Roberts et al., 2000), and do not show atherosclerosis (Barnard
et al., 1993). After acclimation of the animals for 1 week on
standard rat chow, the rats were randomly assigned to a HFS
diet or a low-fat, complex carbohydrate (LFCC) diet, for
2 months, 6 months, or 2 years, n=5^8 within each group.
Diets containing a standard vitamin and mineral mix with all
essential nutrients (Roberts et al., 2000) were provided in pow-
der form ad libitum (Purina Mills Inc., Test Diets Inc.,
Richmond, IN, USA) in large bowls. The HFS diet is high in
saturated and monounsaturated fat (primarily from lard plus a
small amount of corn oil, V39% energy) and high in re¢ned
sugar (sucrose, V40% energy). The LFCC diet, used as a con-
trol diet, is the standard diet used in most rat vivaria, and is low
in saturated fat (V13% of energy from fat) and contains com-
plex carbohydrate (starch, 59% energy). Spontaneous motor
activity in the cage was monitored for 5 days after 12 months
on the diets using biotelemetric transmitters (Model VM-FH,
Mini Mitter Co. Inc., Sunriver, OR, USA) implanted in the
peritoneal cavity (Yirmiya et al., 1996). Output was monitored
by a receiver (Model RA-1010) placed under each animal cage
and collected by a peripheral processor (BCM100).

Animals for biochemical analyses were killed by decapitation,
hippocampus and caudal cerebral cortex were rapidly dissected,
frozen on dry ice and stored at 370‡C. Rats used for immuno-
histochemistry were deeply anesthetized (Nembutal, 100 mg/kg
i.p.) and killed by intracardial perfusion. All experiments were
performed in accordance with the United States National Insti-
tutes of Health Guide for the Care and Use of Laboratory
Animals and were approved by the University of California at
Los Angeles, Animals Research Committee. All e¡orts were
made to minimize animal su¡ering and the number of animals
used.

Isolation of total RNA and real-time quantitative reverse
transcription-polymerase chain reaction (RT-PCR)

Total RNA was isolated using RNA STAT-60 kit (TEL-
TEST, Inc., Friendswood, TX, USA). The mRNAs for
BDNF, synapsin, GAP-43, and CREB were measured by Taq-
Man real-time quantitative RT-PCR using ABI PRISM 7700

Sequence detection system (Perkin-Elmer, Applied Biosystems),
and TaqMan EZ RT-PCR Core reagents (Perkin-Elmer,
Branchburg, NJ, USA). This system directly detects the increase
in £uorescence of a dye-labeled DNA probe speci¢c for each
factor under study plus a probe speci¢c for the glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) gene used as an
endogenous control. The sequences of probes, forward and
reverse primers (Integrated DNA Technologies, (Coralville,
IA, USA) were: BDNF: 5P-AGTCATTTGCGCACAACTTT-
AAAAGTCTGCATT-3P, forward: 5P-GGACATATCCATG-
ACCAGAAAGAAA-3P, reverse: 5P-GCAACAAACCACAA-
CATTATCGAG-3P ; synapsin I: 5P-CATGGCACGTAATGG-
AGACTACCGCA-3P, forward: 5P-CCGCCAGCTGCCTTC-3P,
reverse: 5P-TGCAGCCCAATGACCAAA-3P, GAP-43: 5P-CT-
CATAAGGCTGCAACCAAAATTCAGGCT-3P, forward: 5P-
GATGGTGTCAAACCGGAGGAT-3P, reverse: 5P-CTT-GTT-
ATGTGTCCACGGAAGC-3P ; CREB: 5P-CATGGCAC-GTA-
ATGGAGACTACCGCA-3P ; forward: 5P-CCGCC-AGCATG-
CCTTC-3P, reverse: 5P-TGCAGCCCAATGACCA-AA-3P ; neu-
rotrophin-3 (NT-3): 5P-TGACCGACAAGTCC-TCAGCCAT-
TGAC-3P ; forward: 5P-TGTGACAGTGAGAG-CCTGTGG-
3P, reverse: 5P-TGTAACCTGGTGTCCCCGAA-3P. The RT
reaction conditions were 2 min at 50‡C as initial step to activate
uracil glycosylase (UNG), followed by 30 min at 60‡C as RT
and completed by UNG deactivation at 95‡C for 5 min. The 40
cycles of two-step PCR conditions were 20 s at 94‡C and 1 min
at 62‡C.

Protein measurements

Hippocampal extracts were prepared in lysis bu¡er (137 mM
NaCl, 20 mM Tris^HCl pH 8.0, 1% NP-40, 10% glycerol, 1 mM
phenylmethylsulfonyl £uoride, 10 Wg/ml aprotinin, 1 Wg/ml leu-
peptin, 0.5 mM sodium vanadate). Homogenates were centri-
fuged, supernatants collected and total protein was measured
by the MicroBCA method (Pierce, Rockford, IL, USA).
BDNF protein was detected using an enzyme-linked immuno-
sorbent assay (ELISA) (BDNF Emax ImmunoAssay system
Kit, Promega Inc., Madison, WI, USA). Synapsin I, phospho-
synapsin I, CREB, and phospho-CREB proteins were deter-
mined by western blot as previously described (Go¤mez-Pinilla
et al., 2001a), quanti¢ed by densitometric scanning of the ¢lm
under linear exposure conditions, and normalized for actin lev-
els. Membranes were incubated with: anti-synapsin I (1:2000;
Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA), anti-
phospho-synapsin I (1:2000; Santa Cruz Biotechnology), anti-
CREB (1:1000; New England Biolabs Inc., Beverly, MA, USA),
anti-phospho-CREB (1:1000; New England Biolabs Inc.), anti-
actin (1:2000; Santa Cruz Biotechnology) followed by an IgG
horseradish peroxidase conjugate. Immunocomplexes were visu-
alized by chemiluminescence using the ECL kit (Amersham
Pharmacia Biotech Inc., Piscataway, NJ, USA).

Immunohistochemistry

Brain tissue was sliced in the sagittal plane (30 Wm), collected
free £oating in phosphate-bu¡ered saline (PBS) and processed
for BDNF and synapsin I immunohistochemistry as previously
described (Go¤mez-Pinilla et al., 2001b). A 1:1000 dilution was
used for the rabbit polyclonal anti-BDNF antisera (Chemicon
International Inc., Temecula, CA, USA) and goat polyclonal
anti-synapsin I (Santa Cruz Biotechnology).

Cognitive performance

The e¡ect of 1 and 2 months of diet on cognitive function was
assessed using the water maze in a separate cohort of rats
(n=16). In order to have experimentally homogeneous groups,
we performed a water maze test before starting the diet period.
According to these results, animals with comparable perfor-
mance were distributed equally in both LFCC and HFS groups.
The swimming pool (130 cm diameter, 50 cm height), with the
escape platform (12 cm diameter) placed 1 cm beneath the water
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surface and 32 cm from the wall of the pool, was divided into
four quadrants, i.e. platform (P), platform left (L), platform
right (R) and opposite (O). The water (24‡C) was made opaque
with white non-toxic biodegradable dye to prevent the rats from
seeing the platform. The rats were trained on the water maze
with 10 consecutive trials per day for 3 days. The animals were
placed in the tank facing the wall at one of the equally spaced
start locations that were randomly changed every trial. The
spatial cues for reference around the pool were maintained con-
stant throughout the experiment. Each trial lasted until the rat
had found the platform or for a maximum of 2 min. If the rat
failed to ¢nd a platform, it was placed gently on the platform.
At the end of each trial, the animals were allowed to rest on the
platform for 1 min. Time to locate the platform was recorded
and an average latency was calculated from the values of 10
trials at each day. To assess spatial memory retention, spatial
probe tests were performed 3 days after the last day of behav-
ioral test by removing the platform from the pool. The rats were
allowed to swim for 1 min in the pool without the escape plat-
form, and the percentage of swim distance in each quadrant was
calculated against the total distance.

Statistical analyses

GAPDH and actin were employed as internal standards for
real-time RT-PCR and for western blot respectively, as their
expressions were not altered by the diet. For quanti¢cation of
TaqMan RT-PCR results, £uorescent signal intensities were
plotted against the number of PCR cycles on a semilogarithmic
scale (ABI sequence detector software version 1.6.3; PE Biosys-
tem). Taqman EZ RT-PCR values for GAPDH were subtracted
from BDNF, synapsin I, CREB, or GAP-43 values. The result-
ing corrected values were used to make comparisons across the
di¡erent experimental groups. The mean values for the mRNA
or protein levels were computed for the control (LFCC) and
experimental (HFS) rats for each age group. Student’s t-test
(two tails, unpaired) was used for two-group comparisons. Lin-
ear regression analysis was performed on the individual samples
to evaluate association between variables. An analysis of var-
iance (ANOVA) with repeated measures was conducted for ana-
lyzing data from the water maze tests. The results were
expressed as mean percent of control values for graphic clarity
and represent the meanVS.E.M. of ¢ve to nine independent

Fig. 1. E¡ects of HFS diet on BDNF mRNA and protein after di¡erent diet periods: 2 months (2mo, n=10); 6 months
(6mo, n=18); 2 years (2yr, n=12). (A) Hippocampal BDNF mRNA decreased in rodents maintained for 2 months (75%),
6 months (77%), and 2 years (68%) on a HFS diet. (B) Reduction in BDNF (33%) measured by ELISA, and (D) phenotypi-
cally evaluated by immunohistochemistry in sagittal sections of hippocampal tissue after 6 months of diet. (E) No changes in
BDNF mRNA were observed in cerebral cortex, and (F) no changes in NT-3 mRNA were observed in hippocampus. All
HFS values are relative to LFCC diet. Each value represents the meanVS.E.M. (*P6 0.05 and **P6 0.01). DG, dentate

gyrus.
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Fig. 2.
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determinations and were considered signi¢cant when P values
were 6 0.05.

RESULTS

BDNF mRNA and protein

Levels of BDNF mRNA in the hippocampus of
rodents fed a HFS diet were reduced compared to
rodents fed a LFCC diet, between 2 and 24 months.
The lowest BDNF mRNA values were achieved after
2 years (Fig. 1A). Decreases in BDNF mRNA in the
HFS group were accompanied by a dramatic reduction
in BDNF protein assessed after 6 months on the diet
(Fig. 1B). Decreases in BDNF protein a¡ected select
hippocampal sub¢elds, as histological analysis showed
a qualitative reduction in BDNF immunostaining in
CA3 and dentate gyrus (Fig. 1D). There were no changes
in BDNF mRNA related to diet in the cerebral cortex
(Fig. 1E). We assessed NT-3 in hippocampal tissue to
evaluate e¡ects of diet on other members of the neuro-
trophin family. NT-3 mRNA levels were unchanged in
HFS rats at all time points examined (Fig. 1F).

Synapsin I mRNA and protein

Hippocampal levels of synapsin I mRNA were lower
in rats fed the HFS diet compared to rats fed the LFCC
diet at all time points examined (Fig. 2A). Western blot
analysis performed at 6 months showed a signi¢cant
reduction in total synapsin I (Fig. 2C) and phospho-syn-
apsin I (Fig. 2G) in the hippocampus of rats fed HFS.
Moreover, the decreases in BDNF were positively corre-
lated with the decreases in synapsin I (r=0.91, P6 0.01;
Fig. 2D) or phospho-synapsin I (r=0.95, P6 0.01;
Fig. 2H). In addition, the reductions in mRNA for
BDNF and synapsin I were highly correlated at all
time points examined (r2mo = 0.96, P6 0.01; r6mo = 0.92,
P6 0.01; r2yr = 0.96, P6 0.01; graph shown in Fig. 2B
for 6 months). BDNF (Fig. 1C) and synapsin I (Fig. 2I)
immunopositive neuronal elements were observed in the
CA3 subregion and dentate granule layer of the hippo-
campal formation. These regions showed a qualitative
reduction in BDNF and synapsin I staining intensity in
rats fed the HFS diet. Decreases in synapsin I mRNA
appeared speci¢c to the hippocampus as no alterations
related to the HFS diet were observed in the cerebral
cortex (Fig. 2E), and there was no signi¢cant correlation
between synapsin I mRNA and BDNF mRNA
(r2mo = 0.27, P=0.25; r6mo = 0.32, P=0.40; r2yr = 0.24,

P=0.35; shown for 6 months in Fig. 2F) at any time
point examined.

GAP-43 mRNA

Levels of GAP-43 mRNA were signi¢cantly reduced in
the hippocampus after 2 and 6 months of HFS diet
(Fig. 3A) and correlated with levels of BDNF mRNA
(r2mo = 0.82, P6 0.01; r6mo = 0.96, P6 0.01; graph
shown for 6 months in Fig. 3B). Reductions in GAP-
43 mRNA were also correlated with the reduction in
synapsin I mRNA (r2mo = 0.87, P6 0.01; r6mo = 0.98,
P6 0.01) (Fig. 3C). No changes in GAP-43 expression
were detected in the cerebral cortex at any time point
examined (Fig. 3D). There was no signi¢cant correlation
between levels of GAP-43 and BDNF mRNAs
(r2mo = 0.29, P=0.35; r6mo = 0.30, P=0.68; r2yr = 0.22,
P=0.53; graph shown for 6 months in Fig. 3E), or
GAP-43 and synapsin I mRNAs (r2mo = 0.13, P=0.69;
r6mo = 0.32; r2yr = 0.50, P=0.13; graph shown for
6 months in Fig. 3F) in the cerebral cortex.

CREB mRNA and protein

CREB mRNA levels were reduced in the hippocampus
(Fig. 4A) but not in the cerebral cortex (Fig. 4E) of rats
fed the HFS diet for 6 months or 2 years. Western blot
showed lower levels of phospho-CREB (Fig. 4C) and
total CREB (Fig. 4G) in the HFS group following
6 months of diet compared to the LFCC group. CREB
values (phosphorylated, r=0.88, P6 0.01; Fig. 4D;
total, r=0.98, P6 0.01; Fig. 4H) were positively corre-
lated with BDNF values. Levels of BDNF mRNA and
CREB mRNA were correlated at 6 months and 2 years
of diet in the hippocampus (r6mo = 0.91, P6 0.01;
r2yr = 0.82, P6 0.01; graph shown for 6 months in
Fig. 4B) but not in the cerebral cortex (r6mo = 0.44,
P=0.23; r2yr = 0.37, P=0.27; graph shown for 6 months
in Fig. 4F).

Spatial learning in rats fed HFS diet

Rats maintained for 1 or 2 months on the HFS diet
required more time than LFCC rats to ¢nd the platform
(Fig. 5A). After 1 month of diet, the mean escape latency
for the HFS group was signi¢cantly longer than for the
LFCC rats (P6 0.05; Fig. 5A). After 2 months of diet,
the mean escape latency for the HFS group was longer
than the LFCC rats for all 3 days of testing (P6 0.05;
Fig. 5A). These results were signi¢cantly correlated with
the reduced hippocampal BDNF levels (Fig. 6E, F). The

Fig. 2. E¡ects of HFS diet on synapsin I mRNA and protein. (A) Decreases in hippocampal synapsin I mRNA after
2 months (2mo, 87%), 6 months (6mo, 73%), and 2 years (2yr, 75%) of HFS diet. (B) A positive correlation was found
between decreases in BDNF and synapsin I mRNAs (shown for 6 months, r=0.92, P6 0.01). (C) Reduction of hippo-
campal synapsin I (75%), and (G) phospho (P)-synapsin I (68%) were positively correlated with BDNF levels (D, H;
shown for 6 months; synapsin I, r=0.91, P6 0.01; phospho-synapsin I, r=0.95, P6 0.01). In the cerebral cortex, synap-
sin I mRNA was unchanged (E), and was not correlated (F) with BDNF mRNA. (I) Typical synapsin I immunostaining
in sagittal sections of hippocampus is shown for LFCC and HFS animals after 6 months on diet. Each value represents

the meanVS.E.M. (*P6 0.05 and **P6 0.01). DG, dentate gyrus.
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escape latency in the HFS group at the beginning of the
second testing period (month 2) tended to be higher than
at the end of the ¢rst testing period (month 1), relative to
the LFCC group. After removal of the escape platform
by the end of the second testing period, rats fed the HFS
diet swam randomly across the four quadrants, as no
signi¢cant di¡erence was found in the swimming distan-
ces among the four quadrants (Fig. 5C, right), and we
found a high correlation between these results and the
BDNF levels (Fig. 6G, H).

Spatial learning in rats fed regular diet (LFCC)

Escape latency scores for each rat tested in the water
maze were compared with levels of BDNF mRNA and
protein using linear regression analysis (Fig. 6). Results
showed a positive correlation such that rats with longer
escape latency had lower levels of BDNF mRNA and
protein in the hippocampus (Fig. 6A, B). The platform
was removed at the end of the second testing period
to evaluate memory retention. LFCC animals swam pre-

dominantly in the quadrant where the platform
was located (platform quadrant, Fig. 5B, left) as shown
by a signi¢cant longer distance swam in the platform
quadrant relative to the other three quadrants (45V 1%,
Fig. 5C, left). These results were highly correlated
with the levels of BDNF mRNA and protein (Fig. 6C,
D).

DISCUSSION

The present study provides novel evidence on the
e¡ects of diet on neuronal plasticity and function via
regulation of BDNF, in the absence of other risk factors
associated to cardiovascular dysfunction. Spatial learn-
ing performance was associated with hippocampal levels
of BDNF, such that animals with higher levels of BDNF
performed better. Consuming a HFS diet decreased hip-
pocampal BDNF mRNA and protein, and performance
in the water maze. There were no alterations associated
to the diet in NT-3, which is also expressed in hippo-

Fig. 3. E¡ects of HFS diet on GAP-43 expression. (A) Decreases in hippocampal GAP-43 mRNA after 2 months (2mo,
83%) and 6 months (6mo, 88%) of HFS diet. A high, positive correlation was found between (B) decreases in GAP-43 and
BDNF mRNAs, and (C) decreases in GAP-43 and synapsin I mRNAs (shown for 6 months, left ; rBDNF = 0.96, P6 0.01;
rsynapsin = 0.98, P6 0.01). (D) GAP-43 mRNA was unchanged in cerebral cortex and there was no correlation between GAP-
43 and BDNF (E), or GAP-43 and synapsin I (F) mRNAs. Each value represents the meanVS.E.M. (*P6 0.05). 2yr, 2 years.
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campal neurons. Decreases in BDNF mRNA and pro-
tein were associated with reduction of molecules involved
with synaptic function, neuronal growth, and cognitive
function. Increasing evidence indicates that BDNF has

the capacity to convert changes in electrical activity to
long-lasting changes in synaptic strength and function
(Poo, 2001; Schinder and Poo, 2000). Therefore,
BDNF reduction resulting from the HFS diet may

Fig. 4. E¡ects of HFS diet on CREB expression. (A) CREB mRNA was reduced in hippocampus after 6 months (6mo, 74%)
and 2 years (2yr, 74%) of HFS diet, and (B) there was a positive correlation between CREB and BDNF mRNAs (shown for
6 months r=0.91, P6 0.01). (E) In the cerebral cortex, no changes in CREB expression were detected and (F) there was no
correlation between CREB and BDNF mRNAs. (C) Reduced hippocampal phospho (P)-CREB (67%), and (G) CREB (81%)
were measured after 6 months of HFS diet. Each value represents the meanVS.E.M. (*P6 0.05 and **P6 0.01). A high,

positive correlation was found between (D) decreases in P-CREB and BDNF, and (H) decreases in CREB and BDNF.
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lower the neurochemical substrate of the hippocampus
required for optimal neuronal performance.

A HFS diet reduces levels of BDNF in the hippocampus
and learning performance

We have previously shown that rats learning a spatial
memory task have elevated expression of BDNF mRNA
in the hippocampus (Kesslak et al., 1998). The present
results indicate that small di¡erences in hippocampal
BDNF can be critical for spatial learning performance.
Animals with higher hippocampal BDNF required less
time to ¢nd the platform in the water maze, and showed
a clear preference for the platform quadrant in the spa-

tial probe test. Consuming the HFS diet reduced BDNF
mRNA and protein at the earliest time point examined
(2 months: mRNA, 324% ; protein 339%) and resulted
in further reduction with diet consumption (6 months:
mRNA, 326% ; protein, 367%, 2 years: mRNA,
342%). Reduced levels of BDNF were associated with
de¢ciency in learning spatial information (Fig. 5E, F, G,
H) and in the capacity to retain this information. Spatial
learning in the water maze relies primarily on hippocam-
pal function (Korol et al., 1993), and spatial learning is
impaired in rodents lacking BDNF gene (Linnarsson et
al., 1997), infused with a BDNF blocking antibody (Mu
et al., 1999), or with an antisense BDNF oligonucleotide
(Mizuno et al., 2000).

Fig. 5. E¡ects of HFS diet on spatial learning using the water maze. (A) The latency to ¢nd the platform was higher in the
HFS rats. (B) Representative samples of trails traveled during the spatial probe test illustrating preference of rats fed the
LFCC diet to swim in the platform quadrant (left) vs. random swimming of rats fed the HFS diet (right). (C) Distribution of
the average percent of swimming distances for the four quadrants. Each section represents the meanVS.E.M. (*P6 0.01 rela-

tive to LFCC controls).
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Diet and BDNF impact neuronal plasticity

Memory formation involves short-term changes in
electrical properties (Barnes, 1995; Ito, 1986), and
long-term structural alterations of synapses (Burns and
Augustine, 1995; Edwards, 1995). As discussed, cellular
and molecular events involved with these processes are
under the range of action of BDNF (Poo, 2001).

Levels of phosphorylated protein, total protein, and
mRNA for synapsin I decreased in the hippocampus of

HFS rats. Levels of synapsin I mRNA decreased accord-
ing to BDNF mRNA values detected using linear regres-
sion analysis. The same type of analysis showed that
decreases in synapsin I protein (total and phosphorylat-
ed) were associated with comparable decreases in BDNF.
It is likely that diet may elicit coordinated responses of
the BDNF and synapsin I systems, and/or BDNF may
a¡ect synapsin I at the transcriptional and post-transla-
tional levels. In a separate set of experiments (S. Vayn-
man, Z. Ying and F. Go¤mez-Pinilla, unpublished

Fig. 6. Association between BDNF (mRNA and protein) and spatial learning. A signi¢cant negative correlation was found
between hippocampal BDNF mRNA (A, r=0.92, P6 0.01), or protein (B, r=0.94, P6 0.01), vs. the latency required to ¢nd
the hidden platform in LFCC animals. The levels of BDNF were positively correlated with the distance swam in the platform
(P) quadrant (C, r=0.86, P6 0.05; D, r=0.95, P6 0.01) after the platform was removed. In the HFS group, BDNF mRNA
(E) and BDNF protein (F) levels were signi¢cantly negatively correlated with the latency (mRNA: r=0.83, P6 0.05; protein:
r=0.86, P6 0.05), and positively correlated with the swimming distance within the platform quadrant (G, H). Spatial learn-

ing was evaluated using the water maze.
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observations) we have blocked BDNF action in the hip-
pocampus using the tyrosine kinase receptor blocker
K252a, resulting in decreases in synapsin I mRNA.
These results suggest that a reduction in BDNF levels
can a¡ect synapsin I activity or function, as it is
known that BDNF facilitates synaptic transmission by
enhancing synapsin I phosphorylation (Greengard et
al., 1993; Jovanovic et al., 2000).

Results also showed that GAP-43 expression was
reduced in the hippocampus of animals fed HFS diet
for 2 and 6 months, and this was correlated with
BDNF and synapsin I levels. GAP-43 has been impli-
cated in input-dependent alterations of synaptic mor-
phology (Benowitz and Routtenberg, 1997) that may
be associated with learning and memory (Routtenberg
et al., 2000). GAP-43 was not reduced after 2 years of
HFS diet which may be related to a compensatory mech-
anism, since other molecules can regulate GAP-43
(Benowitz and Routtenberg, 1997). Results suggest that
the HFS diet can a¡ect growth and function of axonal
terminals required for maintenance of neural circuits.

The HFS diet also reduced levels of CREB mRNA
and CREB protein (phosphorylated and total) and
these reductions were positively correlated with BDNF
levels. CREB can regulate BDNF gene transcription in a
calcium-dependent mechanism (Finkbeiner, 2000). In
turn, BDNF causes the phosphorylation of CREB at
the transcriptional regulatory site Ser-133, resulting in
CREB activation and gene transcription (Finkbeiner et
al., 1997; McAllister et al., 1999). Reduced levels of
CREB in hippocampal slices have been shown to impair
maintenance of long-term potentiation (Bourtchuladze et
al., 1994), a postulated mechanism for certain forms of
learning. CREB-mediated transcription is important for
learning and memory in various species (Silva et al.,
1998). It is intriguing that de¢cits in spatial learning by
2 months of a HFS diet appeared to have occurred in the
absence of changes in CREB mRNA. These results seem
to point to a progressive deterioration in response to the
HFS diet as additional molecular systems such as CREB
become involved with time.

How diet may impact neuronal plasticity

Although other physiological parameters may contrib-
ute to the e¡ects of a HFS diet on neuroplasticity, we
can exclude hypertension and atherosclerosis as primary
causes, at least during the ¢rst year. Female rats, like the
ones used in the present study, do not develop hyper-
tension until after 12 months on a HFS diet (Roberts et
al., 2000), and do not show atherosclerosis as they have
low cholesterol levels (Barnard et al., 1993). Therefore,
hypertension and atherosclerosis cannot account for
decreases in BDNF, synapsin I, and GAP-43, which
started as early as 2 months on the HFS diet. We can
also exclude obesity as a factor for decreased activity
resulting in lowered levels of BDNF during the ¢rst

6 months. HFS animals did not become heavier until
by week 25 on the diet (LFCC vs. HFS: 188V 1.4 g vs.
214V 3.4 g, P6 0.01), and this di¡erence remained sig-
ni¢cant throughout the remainder of the study. More-
over, the HFS and LFCC groups had similar energy
consumption (Roberts et al., 2000) and there were no
signi¢cant di¡erences in daily cage activity between
HFS (220V 5U102 counts) and LFCC animals
(188V 15U102 counts) that could explain a decrease in
BDNF with the HFS diet.

The fact that the HFS diet causes insulin resistance
(Barnard et al., 1998) resulting in high blood levels of
insulin suggests that hyperinsulinemia may be a factor in
our experimental design. A putative action of insulin,
however, would be compensatory or neuroprotective as
insulin may facilitate learning and memory (Wickelgren,
1998; Zhao et al., 1999). The production of free radicals
such as superoxide may be a variable for the e¡ects of
diet on the brain. Although there is no evidence in the
brain, it is known that a high-sugar or high-fat diet can
increase free radical production in other organs such as
the liver (Faure et al., 1997; Slim et al., 1996), and that
antioxidant therapy can reduce free radical formation
(Joseph et al., 1999). Neurotrophic factors such as
BDNF protect neurons against oxidative stress (Cheng
and Mattson, 1994) and stabilize cellular calcium homeo-
stasis (Mattson et al., 1995). Further studies are required
to clarify the interaction between dietary factors, oxida-
tive stress, and BDNF. Nevertheless, our data seem to
indicate that a decrease in BDNF is a critical variable
involved with the decrease in neuroplasticity and cogni-
tive function associated with consumption of the HFS
diet.

BDNF has a critical role in synaptic function, neuro-
nal growth, and behavior, and our results show that
several of these functions can be compromised following
consumption of a HFS diet. For example, HFS diet can
attenuate neurotransmitter release that is generally
modulated by BDNF and synapsin I. Changes in
BDNF, synapsin I, GAP-43, and CREB in response to
the HFS diet appeared unique to the hippocampus since
no alterations were observed in the occipital cortex,
although the later region is highly susceptible to environ-
mental challenges (Klintsova and Greenough, 1999). The
hippocampus is involved with associative learning, and is
the primary target of neurodegenerative diseases result-
ing in memory impairment. It is well documented that
BDNF can protect neurons from insult or disease
(McAllister et al., 1999; Thoenen, 1995). Therefore, the
reductions of BDNF resulting from a HFS diet may
deprive neurons of their natural protection to aging,
insults, or disease.
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